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This series of experimentzl investigations was undertaken to define

further the basic aerodynamics of wings operating in ground effect. The
results indicate that the ground effect phenomenon markedly affects the
relative influence of configuration variables such as aspect ratio, thick-
ness, taper, and end plates. The results also indicate that other variables
such as sweep, camber, and position ¢f maximum thickness should be investi-
gated to determine their effect.

The correlation between theory and the present experimental results is
not satisfactory in the region where high maximum lift/drag ratios are
attained. If this region is found to be of practical use, it will be
necessary to refine the simple theory to account for the effects of the
above variables and the powerful effect of end-plate configuration.
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This report is an analysis ot the results obtained in a comprehensive wind-
tunnel test program of wings eperating in ground effect. A scries of low-aspect-ratio
wing models, with a variety of different end-plate configurations, was tested to
determine the effects of various pcrameters. The investigation included (1) single
wings, by the use of the image technique, and {2) certain tandem wing arrangements,
tested over u ground board.

The study was conducted by the Marine Vehicles Division, ASW and Ocean
Systems Organizaticr, Lockheed-Califernia Company, under contract DA 44-177-
AMC-382(T) to the U.S. Army Transportation Research Command. Mr. William D,
Hinshaw was iie Project Engineer for USATRECOM, while Mr. John R. Brown was
Project Manager for Lockheed.

The analysis wos corducted by Mr. William P. Stevens, as Project Engineer,
assisted by Mr, Somuel G. Hansen. The wind-tunnel testing was supervised by
Mi. Carl M. Onspaugt.

This report analyzes the data obtained in the Lockheed low-speed wird tunnei
during the period from 6 February to 26 March, 1943. The basic wind-tunnel test daic
may be obtained from the Lockheed Fluid Dynamics Laboratory Report L-53. Wind
Tunnel Investigation of Single and Tandem Low Aspect Ratio Wings in Ground Effect (U),
dated May 1963, which is available on loan by request to Technical Library, U.S.A.
TRECOM, Fort Eustis, Va.
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SYMBOLS

wing span, ft
wing-mean uerodynamic chord, ft

end-plate depth, ft (measured fro:n wing=tip chord anc wing-trailing-
edge intersecticn)

planform gap between tandem wings, ft

minimum structural clearance height from the plan: of symmetry,
or ground plane, ft

round-clearance height at a specified fore and oft station, ft
?usually the quarter chore)

constant value of T

dynamic pressure, psf

true airspeed, knots

totc| wing planform area, ffz (includes both tandem wings)
airplane gross weight, |b

aspect ratio

taper ratio

end-plate~depth ratio

tandem~-wing-gap ratio

airfoil -thickness ratio

height parometer based on wing span

minimum structural clearance height parameter based o wing area
lift-to~drog ratio

maximum lift-to~drag ratio
xiii
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R.N. Reynolds Number

Cf skin-friction coefficient
Cl rolling-moment coefficient
- pitching-moment coefficient
Cn yawing-moment coefficient
CD drag coefficient
CD minimum drag coefficient
min
Cl. iift coefficlent
CY side~force coefficient
a angle of ottack, deg (referenced to wing bottom in "image" test;
referenced to fuselage bottom in "grouna plone” tests)
| 8F trailing-edge flap deflection, deg
8N nose~droop angle, deg
T erd-plate, bottom-edge tilt ongle, deg (referenced to wing bottom)
0 bank angle, deg
y yow angle, deg
Other symbols used in the text ore explained where they occur. Force ond moment

coefficients and flow-orientation angies ore of standard NASA definition and sign.

Abbreviations

' C.D.P. common=-data pivot
E 1.G.E. in ground effect

: | 0.G.E.  out of ground effect
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SUMMARY

A wind-tunnel investigation has been made to determine the effects of
various end--plate anc. camber changes on the aerodynamic characteristics in ground
effect of five lov-aspect-ratio wings differing in aspect ratio, thickness ratio, and
taper ratio. A single-wing investigation was mcde at a Reynolds Number of 2.55 x ]06
by the use: of the image technique, and a limited investigation of tandem wings was
conducted at a Reynolds Mumber of 1.30 x 108 by the use of a ground board.

The single=wing models inclucled rectangular 11.7% thick Clark Y models
at aspect ratios of 1, 2. and 4; a rectangular 6% thick Clark Y at aspect ratio 2;
and ¢ 11.7% thick Clark Y with 0.6 taper ratio and aspect ratio 2. The tandem-

wing investigation included six different aspect-ratio combinations of forward and

aoft wings with end plate, cumber, ond incidence made optimum from the single-wing
investigation. The influence of ground effect is noted for lift, drag and pitching
moment, and one of the wings was tested in roll and yaw witk six-component data noted.
Comparison of lift/drag ratio on the basis of the minimum structural clearance
height parometer, b/ J—g, shows that the addition of end plates improves L/D at aspect
ratio 1 but reduces L/D at aspect ratio 4. However. based on clearance of the wing
trailing edge structure, a considerable improvement of L/D is noted for all configura-
tions with end plates. The L/D falls off with increased depth of flct end plate at a
given value of h/ fS_ Benefits are obt-~-ined by employing airfoil contour and o wedge

bottom to the end plate, particulariy at lov aspect ratio. A large loss of L/D occurs
when the lower edge of the end plate is not parallel to the surface.
Comber influences were investigated by means of !eading~edge and trailing~

edge flaps. It is shown that smal!, positive trailing-edge camber, +5°, improves 1,/D,
whereas small reverse camber, -5°, reduces L/D. At lift coefficient values over 0.9
it s noted that +15°flap deflection shows better L/D than +5°. Nose droop on the

aspect-ratio-2 wing had little influence on the data except necr the stall.




In comparing in and out of ground effect (L/D)max ratios for various aspect-
ratio wings, it is noted that with end plates off, ho/ ﬁ appears to show as good a
correlation as ko/b which is employed in Wieselsberger's theory. With end plates on
and zero flap deflection, a correlaticn of all wings is noted down to h/ Eof .04,
where (L/| D)'max is about twice the cut of ground effect value. Correlation deteriorates
at lower values of h/ Jg-, and it is postulated that no universal correlating parameter
should be expected over the full varge of ground clearance height due to the presence
of a combination of lifting line and chordal influences. A large increase of (L’/D)max
is noted for the 6% thick wing as compared with the 12% thick wing and, with zero
flap deflection, L/D is greater at all lift coefficients below 0.8.

A "common-data pivot" concept has been evoived. This allows excelient
correlation between three-component data taken from tests of end plate configurations
having their botton. edges maintained paralle! to the ground and those with their bottom
edges fixed parallel to the lower wing surfuce. An empirical approach to estimating
rolling moment due to bank angle is also proposed.

Although the tandem=-wing tests were only exploratory in nature, they showed
smooth trends. Pitch runs showed static stability and very small out-of-trim pitching
moment at the weighted quarter chord c.g. The fact that static stability is present in
spite of body instability and downwash effects substantiates the basic idea behind the
tandem configuration where advantage is taken of the plunge stability of the tandem
surfaces.

in general, the tapered wing, as compared with the straight wing, shows
slightly greater L/D with end plates off, and slightly lower L/D with end plates on.



INTRODUCTION

The . nenomenon of aerodynamic wings operating in close proximity to the
ground is a suoject that has interested investigators since the early days of aviation.
The first practical theory in this field was developed by Wieselsberger (reference 1).
Serebrisky (reference 2) is another early investigator who attempted to show correla-
tion betvieen theory and wind-tunnel tests. Other notable contributors since that time
have been LeSueur, Pistolesi, Tonnies and Raymond, to mention a few. Precise corre-
lation between experiment and theory has yet to be realized. It appears, however,
thit the simple theory of Wieselsberger is as adequate for correlation purposes as the
most refined theories developed to date.

Until recently, all investigations of the aerodynamic churacteristics of
wings in ground effect were related primarii' to the take-off and landing phases for
conventional aircraft. Recently, however, interest has been directed toward improve-
ments in the lift~drog ratio of air-cushion vehicles (GEM's) and the generation of
efficient surface transport systems. Considerable interest was aroused with the pub-
lishing of NASA TN D-926 (reference 3) and NASA TN D-970 (reference 4), where
it seemed that a substantial improvemer. in L/D was possible by the vse of end plates
on wings operating in ground proximiry. Also, the use of end plates allows greater
clearance heights between prime structure and the ground.

In NASA TN D-926, the effect of aspect ratio was investigated by the util~
ization of the "image" technique. All wings had a thickness ratio of 21% and a few
runs were made at one ground height with end plates on an aspect-ratio=1 wing. The
advantages of a thinner wing section (comparing data of reference 2) and end plates
were indicated in reference 3. In NASA TN D-970, a more extensive test of the
aspect-ratio-1 wing was conducted over water in a towing tank. Both 11%- and 21%-
thick sections were tested with end plates flush with the trailing edge and the bottom
edges purallel to the water surfeca.



P

Although references 3 and 4 provided valuable clues toward the task of
optimizing wings in ground effect, sufficient information for a systematic design
study was not available. Accordingly, the Lockheed=California Company undertook
several programs to extend the state of the art in this arza.

The first program (reference 5) consisted of an aerodynamic investigation
of a rectangular wing model of aspect ratio 2, with various end-plate configuraticns,
tested in the Lockheed low-speed wind tunnel, by the utilization of the ground-
board technique. Although the data showed fairly consistent trends, the drag level
was questionable. Subsequently, the same model was tested in free air over a smooth
desert floor (reference 6). In this test program, the model was mounied on a truck
and operated in close proximity to the desert floor. The data produced tended to
confimm those of the wind tunnel program, although the feasibility of this testing
technique has not been well established.

The next Lockheed-funded program consisted of a series of simple wing
. Cals of various aspect ratios and with numerous end-plate configurations, tested
in the low-speed wind tunnel, by the utilization of the "image" technique (refer-
ence 7). The test schedule was faiily extensive, with numerous parameters being
varied, and produced fairly reliable data with sensible trends. This progrom formed
the basis for the current test series (reference 8).

The current program, the results of which are analyzed in this report, has
been funded jointly by the U.S. Army (TRECOM) and Navy {ONR). It is a natural
extension of the previous preaiom, but is more e znsive in scope. Further refine-
merts in testing techniques were employed, and these produced more consistent

results and a positive comrelation of data.




MODELS AND TEST PROCEDURE

Sketches af tha single-wing models, end plates, and tandem-wing combina-
tions are shown in Figures 1 and 2. Photographs of the test setups are shown in
Figure 3. Additional description of the models and test procedure is given under tha
headings of Single=Wing Image Tests and Tandem-Wing, Ground-Plane Tests.

A limited number of runs were made out of ground effect for all five single
wings without end piates and with various end-plate confiqurations. For general
information, Figures 5 and 6 present three-component data Ci. G.E. for wings with-
out end plates and with the 10% chord depth flat end plates. Figure 7, which repre-
sents tests ot dynamic pressures of 20, 40, 60, 80 and 100 psf, respectively, shows
the effect of Reynolds Number on the skin friction drag coefficient of wing (2-.12-1.0)
at Reynelds Number of 1,30, 1.83, 2.07, 2.55and 2.83 x 10°.

SINGLE-WING IMAGE TESTS

The single-wing image tests were run at a dynamic pressure of 80 psf except
for the aspect-ratio-4 wing, which was run at 60 psf to minimize deflections. The
L/D values shown in this report for the aspect-ratio-4 wing have been adjusted up-
ward to account for the variations of CD between RN = 2,07 x !06 and 2, 55 x 106.

Ten lominated mahogany wings were provided for the image series of tests.
Five different wings were evaluated, each with a mirror image. All of the models
were Clark Y secticn wings with 25%-chord plain trailing~edge flaps. Four of the
wings were rectangular with a 20-in. chord and three of them, with aspect ratios of 1,
2, and 4, had a maximum thickness of 12% chord (actually 11.7%). The aspect ratio
2 and 4 wings were formed by adding cutboard panels to the aspect-ratio-1 wing to
increase the span from 20 in. to 40 and 80 in., respectively. The panels were joined
with flush-mounted steel splice plates. The fourth rectangular .7ing had an aspect

ratio of 2 and a maximum thickness of 6% chord. (A camber reduction was inherent



with the reduced thickness.) The fifth wing had a taper ratio of 0.60 ani{ @ maximum
thickness of 12% chord. The mean aerodynamic chord of the tapered wing was 20 in.
The 12% thick, aspect-ratio=2 wing was also tested with 15% chord leading-edge
flaps deflected 5° and 10°,

A total of 232 end plates, including 168 flat end plates and 64 contoured
end plates, was provided for the investigation. The flat end plates were fabricated
from 0.05-in. -thick duial and 0.125~in.-thick steel. End-plate ciepths, d, were
1, 2, and 3 in. or 5, 10 and 15% chord at the trailing edge; the angle between the
bottom edge of the end plate and the flat portion of the wing lo:ver surface, 7 ,
varied through -2°, 0%, 2°, 4°, 6° and 10°. The contoured end plates were con-
structed of mahogany and had a maximum thickness of 8% chord. They had an ellip-
tical planform nose which faired into flat sides at the 15% chord, while the vertical
height at the trailing edge varied from 10% (2 in.) to 15% (3 in.) of the wing chord.
The 2-in. end plate had a flat bottom and the 3-in. end plate was formed by attach-
ing a 5% chord wedge to the 2-in. end plate. Early in the test program, it was found
that the 0.05-in. dural end plates presented a severe "buzz" or vibration problem.
This was especiaiiy trus when the trailing-edge flaps were deflected and, for most
cases, when the wings were relatively close to_ether at some positive angle of attack.
In certain configurations, the lower forward comer of the end plate vibrated threugh
about .75 in. All of the questionable end plates were replaced with 0.125-in. steel
plates and the buzz was eliminated.

The force-measuring wing models were supported in an inverted position on
a fork through the tunnel floor by a six-component electromagnetic balance system.
The imagr:: model was mounted above the force model on a similar fork and pitch am
system which was attached to a 2.5-in. -diometer, hydraulically operated piston.
The 15)0-psi cylinder was mounted vertically on the roof of the tunnel test section
with the pistor extending down through the ceiling. Hydraulic operating pressure
was supplied by a pump actuated by a 3/4-hp electric motor. A precision steel scale
was attached to the cylinder case, and a metal pointer was affixed to the piston so
that accurate vertical positions could be obtained with the image wing.

At the start of the tests, the force and image wings were installed in the
tunnel at zero [ift angle of attack, with a spherical yaw-head, flow=survey probe
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mounted along the centerline ot the image refarence plane midway betwesn the two
wings. A cursory tunnel flow survey was made at the test dynamic pressure at six
different wing=-height variations. An cverage flow angularity variation of only about
0.07° through this vertical translation range was indicared and was considered negli=
gible. A calibration run was made to define the variation of model support deflectiors
with pitching moment and the final data were corrected for effect of support deflections.

Each run was initiated at a desired minimum ground clearance height with a
given angle of attack (@ ). The run was advanced by vertically translating the image
wing to successive values of preselected heights, the angle of attack remaining con-
stant. Each run was observed through a transit, and the height settings near "ground"
for the wind-on condition were adjusted to the known wind-off settings, insofar as
possible, to compensate for any noticeable wing deflections. This ensured the main-
taining of 3 rather uniform height parameter schedule for all test conditions.

No attempt was made to compensate for slight variations in right and left
wing-tip gaps between end plates, which may have occurred due to nonuniform span-
wise deflection or twist of the wing. It is felt that this effect was negligible except
in some instances during the testing of the 80-in. span, aspect-ratio~4 wing.

The 12%-thick, aspsct=ratio=2 wing with 10%-chord flat end plates was
tested through the vertical translation range at two angles of yaw and two angles of
roli. Both the force wing and the image wing could be yawed to the required angles
of 5° and 10°. However, only the image wing could be rolled. The image support
system was designed so that the image wing could be rolled 10° and 20° to obtain
mean roll angles, relative to the ground, of 5° and 10°, respectively. For each
vertical height position, the image support structure and wing vrere translated hori-
zontally to maintain the fixed roll angle relative to the image reference plane. The
12%-thick, aspect-ratio-2 wing with 15%-chord contoured end piates was also tested
at 5° and 10° of yaw.

TANDEM-WING GROUND-PLANE TESTS

Because of structural and balance limitations, the tandem-wing tests were
run at a dynamic pressure of only 20psf. The tandem-wing test program was mainly
exploratory in nature and utilized the 12% thick, aspect ratio 1, 2 and 4 rectangular

wings from the image tests. The wings were mounted in varying combinations of




aspect ratio fore and aft on a mahogany fuselage 102 in. long. The following wing-
aspect-ratio combinations were tested: 1 fore and oft, 2 fore and oft, 4 fore and oft,
1 forward and 2 oft, 1 forward and 4 oft, and 2 forward and 4 oft. For each of the
foregoing wing cambinations, the wing gap, or distance from trailing edge of the
forward wing to leading edge of the aft wing was varied through 1.0, 1.5, and 2.0
chord lengths or 20, 30, and 40 in. In all cases, the gap was varied by the utiliza-
tion of removable fuseiage sections between the wings and the shifting of the forward
wing and fuselog: nose section fore and aft as an integral unit. All tandem-wing
runs were made with the 15% contoured end plates on the fore and aft wings, with
the forward wing at zero incidence and the aft wing at 2° of incidence, and with
the forward wing tralling-edge flap deflected 5°,

A 12 ft x 16 ft ground plane was installed on screw-jack supports 40 in.

above the floor of the tunnel test section. Each of the configurations was tested

through a limited angle-of-attack range at a fixzd value of the height parameter

E - above the ground and through o vertical translation at zero angle of attack. Accu-

rate vertical distances above ground were obtained by adjusting the wind-on model
position at each point to a previously determined wind-off setting by use of a transit.

The actual angle of attack of the model was determined by the use of a Statham

Model A5-2-350 acceiemmeter mounted in the fuselage. This accelerometer was

a steady-state reading, strain-gage type, with a range of 32 G's. Model base

pressure readings were obtained and base pressure corrections were applied to the

el stiotu ol ot

data. The tandem model was mounted on the 2.5-in., 2500~C internal strain-gage
balance and the Lockheed LFL No. 19 sting.

T W

DATA REDUCTION AND PRECISION

, The following model dimensions were used to obtain the aerodynamic

coefficients presented in this report.

T *
I ORI P

Single Wing

o Z ik

¢ =20 in. (all models)
b =20, 40, and 80 in. (AR =1, 2 and 4)
S=cxb/144

il g e

g
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T

Pitching moment reference at quarter chord of MAC

Tandem Wings
c =20 in. (all models)

$ =S (fwd. wing) +S (aft wing)

Pitching moment reference at weighted quarter chord of MAC of
forward and aft wings.

All of the image data were corrected for the effect of aerodynamic fork
tares, weight tares, and support deflections. Known tunnel-wall corrections were
not applicable to the single-wing image=-phase runs because the effective cross-
sectional area of the tunnel-test section varied constantly during each run. How-
ever, tunnel-wall corrections were applied to the out-of-ground-effect runs where
the image model was not employed.

All of the tandem-wing data were corre:ted for the effect of model weight
tares, sting deflections, buoyancy, and tunnel-wall effects, modified for ground-

plane presence. No aerodynamic sting tares or blockage corrections were applied

to the tandem-wing results, nor were fuselage drag and interference drag subtracted.

The accuracies of the aerodynamic coefficients presented in this report for
the image models are based upon experimentc| point scatter and consideration of the
processes involved in the measurement and computation of the data. They are be-
lieved to be within the following limits:

CL =+0.010 C. =%0.002
Cp = £0.001 C,, = +0.0005
C,, =$0.002 C, =+0.0005

The estimated accuracies of the tandem-wing coefficients are based,
primarily, on 0.5% of rated balance loads and consideration of data=-point scatter
and zero shifts during runs. These estimated limits of precision for each tanden-

v.ing configuration are as follows:

O




Configuraticen

(AR: - AR,) o =Y Cn
(1-1) 10,067  #0.013  $0.018
(1-2) 10.045  #0.009 40,012
(2-2) 10.034  #0.007  0.009
(1-4) 10,027  10.005  40.007
(2-4) 10,022 10.004  0.006
(4-4) 20.016  #0.003  40.005

TEST FACILITY

The single-wing image and tandem-wing ground plane test; were conducted
in the Lockheed Fluid Dynanics Laboratory Subsonic Wind Tunnel in Burbank, Cali-
fornia. The tunnel is of the single-return, closed-throat type, with a test section
8 ft x 12 ft operating ot atmospheric pressure. Controlled dynarnic pressures range
from 1.0 to 150 psf. A 20-channel Giannini digital readout system is used to con-
vert model balance readings to digital form. These digital dcta are punched out on
an IBM summary card punch and also typed out on an electric typewriter. The data
for these tests were reduced to coefficient form by means of an IBM 7090 digital
computer and automatically plotted on an Electronics Associates data plotter.




DISCUSSION

SCOPE AND FORM OF DATA

The primary purpose of this wind-tunnel program was to provide ar aero-
dynamic perspective of low-aspect-ratio wings flying in ground effect. The test
variables were selected so as to gain some understanding of the effects of: aspect
ratio (1, 2 and 4); thickness ratio (6% and 12% aspect ratio 2); taper ratio (1.0 and
0.6 at aspect ratio 2); leading-edge flap deflection (5° and 10° at aspect ratio 2);
trailing-edge flap deflection (-5°, +5° and +15° at all aspect ratios), end-plate
height (5%, 10% and 15% chord); and end~plate contour shape.

Tests of single wings were conducted at various ground clearance heights
and angles of attack by the use of the image technique with end plates off, lower
edge of end plates parallel to the lower wing surface, and lower edge of end plates
parallel to the ground. A limited number of tests of the single wings were conducted
out of ground effect (O.G.E.) includirg Reynolds Number variation. The aspect-
ratio-2 wing was tested in sideslip and roll, and a limited number of runs were con~
ducted with various combinations of wings in tandem over a ground plane.

A run tabulation is shown in Table 1. The run numbers are listed to indicate
the scope of the 7ast variables and are not referred to elsewhere in this 12port. The
original data for the various runs are presented in a formal wind-tunne! data report
prepared by the Wind Tunnel Department of the Lockheed~California Company (see
reference 8).

Consideration has been given to the designer in the presentation of cero-
dynamic data in this report. For example, the ground ciearance height parameter
used in this report is h/ ,/?, where h is defined as the minimum structural clearance
height and S is the total wing area. It is assumed that the designer starts with a
wing area in mind dictated by gross weight and take-off and cruise=speed considera-
tions, and a ground height dictated by sea state or terrain considerations, aond thus

11



h/ S is an immediately useful parometer. A chart is shown in Figure 4 for quick
reference to h/ fg os a function of gross weight, wing loading, and ground clear-
ance. A relation of wing laading, sea-level velocity, aond lift coefficient is also
shown for convenience. In the example shown on Figure 4 for a1 wing loading of 18,
a gross weight of 40,000 Ib, and a ground clearance height of 3.7 ft, h/ fg =.08
and at 130 knats, CL =0.3. Single-wing data in this report are presented at h/ ,/E
values of .01, .02, .04, .08, .16, .32, ond O.G.E. Tondem=wing pitch runs are
presented at h c/ r =.06.

In general, perfarmance data for single wings tested by the image method
are shawn for tests conducted with the lower edge of the end plates maintained
parallel to the ground, whereas stability data are presented for runs where the lower
edge of the end plates are fixed, in this case, parallel to the lower wing surface.
These are referred ta in this report as the { T = @ ) mode and the (7 =K = 0% mode,
respectively. An empirical method (referred to as the comman=-data pivet concept)
has been develioped which allaws both perfermance and stability data to be modified
ta include any arbitrary end-plate tilt angle. An empirical approach to performance
dota is suggested. This approach uses an effective aspect ratio; hawever, a general-
ized parameter that would account for both aspect ratio and chordal effects has not
yet been faund. A simple empirical approach to rolling moment due to bank angle is
suggested, although no simple relation forrolling moment due to sideslip is apparent.

LIFT/DRAG RATIO FOR (7 = a) MODE

The L/D ratio is plotted vs lift coeflicient (CL) for various values of the
height parameter, h/ ﬁ, ond test values of angle of attack ( @) on Figures 8 to 24
far all single-wing configurations tested by the image method. Data are presented
at b/ {S values of .01, .02, .04, .08, .4, .32, and O.G.E., where dato are
available. Summary curves of (L/D)'Mx are shown an Figures 25 through 36.

On Figures 8 to 24, o “limiting li1.»" radiating from the origin is lobeled
l/CD ) This represents the L/D with zero i nduced drag, where CD ) is obtained
from C")“.nGaE. data (Figures 6 and 7). It should also be noted that a re;ndli':al line at

half the limiting=iine slope theoretically represents (L/D)mox where Cy =2C, .
min

12




TABLE | (1 OF 3)
SINGLE-WING IMAGE-TEST RUNS

1.G.E. RUNS 0.G.E.
el ENDPLATES  |NOMINAL VALUES o - DEG. | YAW [BANK | "5y
8 | 8N v | ¢
WING (1-.12-1.0)
0 0 OFF 33 34| 35| 36 0 0 13
0 RAT | 1 (e | 37 38| 39| @1 79| 42
-5 2ol 47] 48] 49| 50
0 o| 43| 44| 45| 26| 78| 204
0 l o| 74| 44| 73| 7| 72 15
+5 ol 54] 53| 52| s1| 77| 207
15 2|a] 55| 56| 75| 76| 59| 208
0 ‘ FaT | 3| | s2| 61| 60 | 206 | 205! 203
0 CONT | 2| @ | 63| 65| 67| &9 18
0 0 Vcont! 3lal el esl! 68l 70 0 0 17
WING (2-.12-1.0)
0 0 OFF 80 81| 821 83 0 0 8
15 OFF 103 {102 | 101 | 100 | 104] 105 |
0 FAT | 1] o] 8a| 85| 169 | 168 165 163
0 1]10] 8| 85| 87| e8| 89
15 1| a | 144 | 148 | 145 | 143 ] 142} 141
-5 2 | a 122125 123 | 124
0 e 1110 (117 | 109 | 108 | 107] 106 *
o |12 [ n3 | na| s 9
0 192 5 0
0 192 0 | o
0 201 0 | -5
0 0 202 0o |-10
5 ! alnz{ns|ne|{neji20| 21| o 3
15 ol u|9s| 93| 2| 0| 9
15 9 ol 6| 95| 77 9! 90
-5 5 o 126 [ 127 | 128 | 129] 130
0 5 é 135 [ 134 | 133 | 132] 150
5 5 o 136 137 | 138 | 139| 140
-5 10 {1 158 | 159 | 160 | 161] 162
0 10 s 157 | 156 | 155 | 154| 153
15 10 2 |a 147 | 148 | 149 | 150 ] 151
0 0 { 3|a 176171 | 170 | 168 ] 164 ] 187
0 3|0 b3 |72 1174178
15 FLAT | 3 |a |188 189 | 190 | 185 | 188 | 187
0 coNi | 2 ]a 177|179 181 | 183 # ' n
| 3|al178|180 [ 182 | 184 12¢
3lo 195 s | o
0 o |cont| 3]0 194 10 0

* ALSO, AT DIFFERING R.N,, RUNS (196 - 200)
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END PLATES

TABLE | (2 OF 3)
SINGLE-WING IMAGE-TEST RUNS

1.G.E, RUNS
NOMINAL VALUES a - DEG.

YAW

BANK

TYPE | d

0

2

41 6

10

DEG

DEG

coocxwmoohoo

&boo

—
COoOOULKULKOO

o

o

OFF
FLAT

[N

CONT
CONT

W W N

OFF
FLAT | 1

CONT
CONT

W WN

OFF
FLAT | 2

FLAT | 2

fRoann

[- -]

RRARACORARN

RROAN

WING (4-,12-1.0)

304
031 317
338
06| 318
3151 316
339 | 340
U8 | U9
7 | 319
333
33U

WING (2-,06-1.0)

293
250
283
251
268
278
789
252
270
a1

294
256 | 257
282
254 | 258
266 | 267
279 | 280
290 | 291
255 | 259
268
269

WING (2-.12-0.6)

212
241
231
231
2%
225

214
242
238
234
229
224

236\ 15
243
237 {218
233 | 232
228 | 219
223 | 222

320
kv

REE

o -.-——— o

261
260
281

29
262

216
217

2

o

o

O AP ——— O

o

21

23
22

28

29

88

25

26




—
TABLE | (3 OF 3)
TANDEM WING GROUND PLANE TESTS
CONFIG. | g/c | TYPE | RUN | CONFIG. | g/c | TYPE | RUN
1-1 1 P | 405 1-4 1 P | 375
VT | 406 Vi | 377
1.5 | p | 402 1.5 p | 373
VT | 403 Vi | 374
2 P | 399 2 P | 370
VT | 400 vT | a7
1-2 1 P | 3% 2-4 1 P | 361
v | 391 VT | 362
1.5 | P | 393 1.5 P | 34
VT | 394 VT | 365
2 P | 39 2 P | 367
vi | 397 VT | 368
2-2 1 P | 387 4-4 1 P | 357
Vi | 388 VT | 359
1.5 P | 384 1.5 P | 355
VT | 385 vi | 356
2 P | 381 2 P | 351
Vi | 382 vi | 353
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The fact that in many cases (L/D)max does not fall on this line shows that the drag

polar cannot be represented by a simple paraboia.

Effect of Angle of Attack

With zero trailing-edge flap deflection, (L/ D)mox in ground effect occurs

at  near +1.0° for all five basic wings; at negative angles of attack L/D falls off
sharply as it approaches the limiting line. With +5° trailing-edge flap deflection,

the angle of attack for (L/D)mox in ground effect occurs at @ near =1.0° for all

five basic wings and L/D holds up well at the lower angle-of-attack limit of -2°,
With =5° trailing-edge flap deflection, the angle of attack for (L/D)max in ground

effect occurs at a near +3° for all five basic wings and L/D falls off sharply at
angles below 0° where L/D approaches ihe limiting line. In general, C, and con-
sequently L/D, fall off rapidly at negative angles of attack as the surface is
approached. This phenomenon is commonly described as the "Venturi effect.”

Effect of Flap Deflection

Very little data are available to aid in the selection of an optimuin airfoil
contour operating in close proximity to the ground. To this end, all wings were
provided with trailing-edge flaps. Wing (2-.12-1,0) was provided with leading-
edge flaps as well to investigate basic camber influences. The (L/D)mox plots of

Figures 25 through 31 show that, for best L/D with end plates, the trailing edge
should be cambered and not reflexed. The (L/D)mox in ground effect for § = +5°

is distinctly better than no flap for all wings, and the (L/D)mux for b‘F =-5° is

distinctly worse than no flap. This conclusion is somewhat modified for the thin
wing where the benefit of +5° flap is small compared with the penalty of -5° flap.
For the tapered wing, it appears that the benefit of +5° flap is large compared with
the penalty of -5° flap. For a given wing, the CL at L/Dmox in ground effect is

relatively unoffected by trailing-edge flap deflections between +5°.
At large lift coefficients, it cca be noted that better L/D can be obtained
with 15° trailing-edge flap than with 5° flap. The approximate crossover C; values
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are 1.0 for wing (1-.12-1.0), 1.1 for wing (2-.12-1.0), 1.3 for wing (4-.12-1.0),
0.8 for wing (2-.06-1.0), and 0.9 for wing (2-.12-0.6). Of possible interest for
future camber studies is the high value of L/D at high CL for wing (2-.06-1.0) with
15° flap in ground effect, as noted on Figure 22.

Effect of Nose Droop

Whereas trailing-edge camber appears to have a significant influence on
L/D, reference to Figures 14, 15 and 27 would indicate that, at least for wing
(2-.12-1.0), leading-edge cambei efects are small and detrimental. The L/D loss

3 in ground effect is about the same as O.G.E., indicating very little ground effect
influence. The most noticeable influence is seen by comparing Figures 13 and 15,
E where 10° nose droop improved CL and L/D at large angle of attack with 15° flap
4 deflection.

E Effect of Aspect Ratio
The variations of (L/D)max and C; at (L/D)max with the height parameter

h/ J_S-is shown in Figures 31 and 32 for all wings tested with flat end plates having
a depth of 10% chord. The influence of aspect ratio on (L/D)max for the 12% thick

wings without taper is noted to be quite pronounced at all values of h/ J—S- The CL
{ at (L/D)max increases as the ground is approached and also increases with aspect ratio.

From Wieselsberger's theory (reference 1) and recent experimental data

(reference 3), it was expected that the best correlation of aspect-ratio efiects with-

out end plates could be shown in a plot of { (L/D)max L G.E E/{(L/D)max O.G.E i

o or ‘l (ARe)/(AR) vs. ho/b where, in this case, ho is the distance from the quarter
1 chord of the non-end-plated wing to the ground and b is the span. This plot is shown

in Figure 33 and is to be compared with a plot of the same ratio vs. ho {S in Figure 34.

G < L
e

g . It can only be concluded that, over the limited range of the parameters covered in
1 this report, a height parameter based on ﬁ correlates data equally as well as that
] ! based on b. The (L/D) max "atio with various end plates is plotted in Figures 35

: and 36 vs. h/ {3_ It is noted, for example, that with d/c = .05, flat end plates
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correlation is good down to h/ ﬁ = ,04 where (L/ D)mcx is essentially doubled for

all aspect ratios.

At lower values of h/ f-S— the correlation deteriorates, and it is proposed
that no universal correlating parameter should be expected since a combination of
lifting=line and chordal influences is present. On a purely lifting=line basis, h/b
is predominant; on ¢ chordal influence bas's h/c is predominant, and (h/ ﬁ) falls
somewhere in between.

An effective aspect ratio must be determined to estimate L/D at all values

of lift coefficient. This can be determined from the expression

C
2
AR, =C| -(ﬁB -Cp . )O' (L/D)mcx

\ min
or,
2
_ (L/D)mcx 1,.G.E
AR =AR /D) .
e max O.G.E.

Use of either method of predicting L/D vs. CL shows good agreement with data

obtained from (T = a}-mode testing.

Effect of End Plates

The influence of end plates on the (l./D)mcx of the five basic wings tested

is summarized in Figures 25 through 31. Data are shown with end plates off; with
flat end plates of three depths, d/c = .05, .10, and . 15; and for two confoured
end plates, flat bottom d/c = .10 and wedge bottom d/c = .15, The end-plate
geometry is shown in Figure 1. In reviewing Figures 25 through 31, it should be
remembered that h is defined as the minimum structural clearance height to the
wing trailing edge in the cuse of end plates off, and to the bottom of the end plate
with end plates on. Since the main preoccupation with end plates is to allow
larger clearance for the wing structure proper, it may be of interest to compare
I/D for a given trailing-edge height. In making this comparisor, L/D for the
configuration with end plates should be read at an incrementally iower h/ ﬁgiven

by jﬁ'.




For a given value of h/ ﬁ, it can be said, in general, that for aspect-
ratio 1, end plates show an increase of (L/D)max compared with end plates off,

whereas little difference is noted at aspect-ratio 2. The reverse is true at aspect-
ratio 4. For example, compare a flat end plate of d/c = .05 with end plate off at
h/s=.04, A(L/D)  =4for AR=1,0for AR=2and -1.5for AR=4. At

lift coefficients larger than C, at (L/D)max’ the L/D for a given h/ J—g falls off

much more rapidly with end plates off than with end plates on. A physical explana-
tion of these phenomena can be seen if the height of the emanating tip vortex is
assumed to be at the lower structural height at the quarter chord (lifting line theory).
With 15° flap daflection, a very striking influence of end plates is noticed. From
Figure 16 at h/\[g = .02 and CL = 1.2, for example, L/D =9 with end plates off
and 22.5 with flat end plates ot d/c = .15. In this case, L/D is increased by a
factor of 2.5, while the height of the wing trailing edge is increased by a factor of 4.
Concerning the effects of end-plate geometry, it is noted that L/D drops off
with increased depth of end plate, and, in general, the small-depth (d/c = .05) flat
end plate produced the highest (L/D)mox of all end plates tested. However, for
d/c = .10 the flat-bottom, contoured end plate is better than the flat end plate,
and for d/c = .15 the wedge-bottom, contoured end plate is much better than the
flat end plate. It is also noticed that there is little difference in (L/D)max between

the contoured flat-bottom (d/c = . 10) end plate and the contoured wedge-botton
(d/c = .15) end plate, whereas flat end plates show a noticeable reduction of L/D
with height. This would indicate that a wedge-bottom, contoured end plate of
minimum height consistent with structural clearance requirements is desirable.

The loss in L/D with depth of flat end plate at low values of h/ fgis larger
than would be expected from skin friction drag only; this fact indicates more funda-
mental effects on flow distribution. On the other hand, ot aspect-ratios 1 and 2, the
difference between contoured end plates is so small that beneficial effects must be
attributed to the wedge bottom or the deeper end plate. For aspect-ratio 4, the
difference in L/D between the two contoured end plates is of the order expected
because of skin friction drag.

The importance of end-plate tilt angle, T, on L/D at a given value of
h/\/?is shown in Figure 37. On this figure, L/D is plotted vs. C for three aspect
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ratios from the (7= @) mode and the (7= 0°) mode. It is apparent that end plates
with bottom edges inclined fo the ground always have lesser values of L/D than those
with bottom edges parallel to the ground. This appears reasonable from the fact that
the trailing vortices shed along the bottom edge are further removed from their image
counterpart. This points out the importance of selecting the proper end-plate tilt
angle to optimize L/D in the CL range of interest or of providing for variable~tilt

angle in the initial design.

Effect of Thickness

Reference 3 states that, in the comparison of L/D of two wings of aspect-
ratio 5 in ground effect, the thin wing (11.7% Clark Y-H) has higher L/D ot low-
lift coefficients and the thicker wing (12% mod. Glenn Martin) has higher L/D at
high-lift coefficient. The same effect is noted here in comparing aspect-ratio-2 wings
with Clark Y sections at 6% and 11.7% thickness ratios. For zero trailing-edge flap

deflection and all end-plate configurations, L/D for the 6% section is larger at CL's
below 0.8. With +5° flap deflection the crossover CL is about 1.0, and with 15°

flap deflection the crossover is at the stall CL for the 6% wing. The stall C for the
6% thick wing with 15°flap (Figure 22) is a function of ground height and is 1.2 at
h/[S=.32(@=10% and i.4ath/ [S=.01 (@ =4%). For the 12%-thick wing
with 15° flap no stall is evident at @ = 10° except at h/ J.g below .02 where stall
occurs at CL = 1,6 (Figure 13). Comparison of wing thickness effects on (L’/D)mox

for the aspect-ratio~-2 wings is shown in Figure 31. The influence is quite significant

as compared with aspect-ratio effects, for example.

Effect of ToEr

Both taper and sweep can have practical benefits for ground-effect machires.
There is a storage and structural advantage in providing thicker root sections, and
smaller chord end plates might prove as effective. Sweep can help problems of bal~
ance and might improve static stability margin in ground effect. The (2-.12-0.6)
wing tested has a taper ratio of 0.6 and 26° leading edge sweep since the trailing
edge is straight (Figure 1).




Whereas O. G. E. characteristics show taper to have beneficial effects on
drag and stall.(Figure 7), this is not necessarily true in ground effect. With end
plates off, L/D for the tapered wing is slightly better than that of the straight wing
at all C, 's. With flat end plates at d/c = .10, however, L/D for the tapered wing

is worse for 0%, +5° and 15° trailing-edge flap deflection. At large CL's and +15°

flap deflection the reduction of L/D with taper is quite apparent. No direct evidence
of stall is noted ot @ = 10° (Figure 24); however, at all ground heights the CL is

somewhat lower than that of the straight wing. Comparison of taper effects on
(L/D)

and 32, The influence is small compared to thickness effects, for example.

max @Md € at (L/D)mox for the aspect-ratio-2 wings is shown in Figures 31

THREE-COMPONENT DATA FOR ( 7 = K= 0%) MODE

Drag coefficient (CD) , angle of attack (a), and pitching moment coeffi-

cient at the quarter chord (Cm) are plotted vs. lift coefficient (CL) on Figures 38 to

E 45 for all model configurations tested by the image method with end plates parallel
E to the flat bottom side of the Clark Y airfoil. This method of testing with a fixed-

ena-plate geometry is referred to as the ( T = K) mode as differentiated from the
(7 = @) mode, where the end plates are maintained parallel to the surface at all
2 angles of attack. A mathod of converting (7 = @) mode data to (7 =K) mode
data by means of a common-data pivet concept is discussed in a separate section of

this report.
E The three-component data of Figures 38 to 45 are plotted vs. CL for values

of h /[Sof .04, .08, .16, .32, and O.G.E. (where data are available). In this

case, it should be noted that ho is defined as the structural clearance height (half

i the distance between image models) measured ot the quarter chord. At any angle
of attack other than zero, the leading or trailing edge of the end plate is closer to
the ground and represents a lower value of h/ JS_

Rl ShRi - 2 i o
1 -

Drag
The ( 7 =0) mode drag data shown on Figures 38 to 45 are plotted at con-
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stant values of h c/ JE and are not considered to have the significance of data

plotted vs. h/ \/-S- The effect of end-plate tilt angle at constant values of h/ J?
for three representative configurations is shown on Figure 37. The effect shows the
importance of selecting the proper end-plate tilt angle for the CL range of interest

or providing variable-tilt angle if the design CL range is large.

Lift Curve Slope and CL ata =0

The lift-curve slope and CL at @ =0 increass with aspect ratio and with

ground effect. The variation of lift curve slope with aspect ratio O.G.E. is pre=
dictable by lifting-line theory; however, the ground effect indicates the presence
of other influences. For example, at ho/J—S- = .04, the lift~curve slope of all three

aspect ratios (1, 2, and 4) is about the same and is greater than 2 7.
For the 6%-~thick wing the lift curve slope for a given value of h/ /_S.is no
different from the thicker 12% wing; however, the C| ot zero a is reduced by about

0.2. This is primarily a camber influence, however, and is not necessarily attributed
to thickness effects. The lift characteristics for the tapered wing are essentially the
same as for the straight wing.

Static Stability and Ch
°

The static stability margin in pitch as measured by a negative slope of
dC n'(/ch increases as the groundisapproached. Whereas at C =0.5 the aspect-

ratio-1, -2, and -4 wings all show an instability of about 2% O.G.E. , stable slopes
of 11%, 9%, and 5%, respectively, are indicated in ground effect ot ha/\!—= .04,

The pitching moment coefficient ot CL = .5 is about .07 for all three aspect ratios
at ho/vlg = .04. The effect of thickness and taper on static stabllity margin in

ground effect appears to be small. Howsver, there is a noticeable shift in Ch
°

At CL =0.5and ha/l-= .04, for example, Cm = -.05 for the thin wing, -.07




for the straight wing, and -.08 for the tapered wing. With 15° flap deflection on
wing (2-.12-1.0) at zero angle of attack at h/ E= .04, CL =1.1, de/dCL =-,02

and C_=-.20. Since the static stability margin for a given ground height is less

with flap deflection, it may govern c.g. limits from stability considerations.
Static stability in plunge as measured by dCL/dh is noticeable at all posi-

tive angles of attack.

COMMON-DATA PIVOT CONCEPT

The preceding discussion of performance data has dealt primarily with the
( 7 = & )-testing mode where the bottoms; of the end plates are maintained parallel
to the ground. The discussion of stability data has dealt with the ( 7 = K) mode
(in this case, K =0), where the end plates are fixed parallel to the bottom (refer-
ence line) of the airfoil. As noted previously, the bulk of the data were run in the
(7 = @) mode. Hence, the question arises as to whether a method is available
which could convert these data into the ( 7 = K) mode. If this can be done, it
would reduce considerably the number of test runs.

At first glance, this would appear to be a rather formidable task, since
the correlation would have to include effects of height from ground, angle of attack,
and end-plate tilt angle. Fortunately, the data generally appear to relate in such
a manner that all three variables are correlated by a simple geometric strategem.

The authors choose to call it the "common-data pivot" (CDP) concept.

The concept can best be explained by referring to Figure 46. Geometries
differing only as a consequence of functional mode are compared, i.e., ( 7 = 0°)
and (7 = @) modes. Wing geometry, end-plaie depth, angle of attack, and testing

reference station (Xo) are the same between modes.

In the simplest terms, the CDP may be regarded as another common refer-
ence station (XL), from which the height (hL) from the g cund to the bottom edge

of the end plate is measured. On this basis, a comparison of CL data between modes
will appear practically identical, independent of height from ground, angle of attack,

and end-plate tilt angle. In the same manner, C, data can be correlated by the
.25
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use of the corresponding reference station (Xm) and height (hm). Lift/drag-data
correlation is also possible,

Anocther way of visualizing the CDP concept Is to Imagine a wing with end
plates, disposed at any given angle of attack and height above the ground. Further,
imagine the artifice of an end-plate bottom edge free to rotate about the common
data pivot at XL' If constant end-plate depth is maintained, the CDP concept states
that no change in CL will occur due to the angular displacement of the end-plate

0C
bottom edge. Or, < L> =0. The same type of argument applies to the
A7 /d, hy, X

other parameters, C ~and L/D.
.25
The CDP concept was developed from the observation that test data (plotted
against h o/b) at constant angle of attack could be made to coincide between func-

tional modes by a shift of Ah/b. After it was noted that the essential differsnce
between modes was the diffarence in end plate tilt angle (A 7), working graphs
were constructed by plotting ( Ah/b) vs. ( A 7). It turned out that such plots could
be approximated by straight lines. On the cssumption of small angles, the slope of
these lines could be expressed as a shift in reference station (A X) to what may be
described as the "common-data pivot.”

In Figure 46, the heights hv and hp correspond to test-data values at the

same CL of the ( 7 = @) mode and the ( 7 = K)-mode configurations, respectively.
The testing reference station (Xo) was held constant ot the tip-end chord position,
:/2. End-plate, bottom-edge tilt angles T, and T, are also similarly distinguished.
The CDP is assumed to exist at the point (XL, hL).

A more direct comparison is afforded by superimposition of the two func-
tional modes, as shown in the inset. The CDP is made coincident, and only portions
of the bottom edges of the end plates are shown.

By utilizing the following definitions:

Bh=h_ -h, )
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AT:T-'-" (2)

AX=XL-X ()

o

and converting the inset into an analytical model as shown in the figure, the funda-
mental relationship is simply derived, as follows:

?77 —h (assumption of smaii angles) 4)
A, = -57.3 (b/cp—ib/-bl 5
Ah_Q (rx) Ar ©

Equation (5) is useful in determining the CDP from test data. The slope

_A_A(h_r/ﬂ represents the best linear approximation of the adjusted test data. Equation

(6) is the final expression used to demonstrate correlation on the basis of the common-

data-pivot concept and to translate data about any other reference point.
Correlations are skown in Figures 47 to 51, where test data from the

( T = @) mode configurations adjusted according to Equation (6) (shaded symbols)

are compared with original data from the ( T = 0°%)-mode configurations, (open

symbols and faired curves). The correlation appears to hold for the data parameters

a, CL' C, _and L/D, and for all geometries tested. It is not expected to apply
.25

to large angles of @ or T, nor when "venturi” effects are present.

It appears from this empirical method, for the data analyzed, that the

CDP is located at about the three=fourths chord for CL , unit-chord for Cm , and
.25

half-chord for L/D. In the case of L/D, the test data are compared directly with-
sut adjustment. In some instance’. a small adjustment would give more consistent

agreement.

CHARACTERISTICS IN YAW

The effects of yaw in ground effect ot zero angle of attack are shown for

25
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wing (2-.12-1.0) in Figure 52, with both the flat end plates ot d/c =0.10 and with
contoured wedge bottom end plates at d/c = .15. There is no appreciable difference
between the end~-plate configurations, except what appears to be a distinct ground
influence on yawing moment in the case of the contoured end plates. Otherwise,
for either geometry, side force and yawing moment do not seem to be aoffected signi-
ficantly by ground proximity.

An interesting dihedral effect is noted, greatly pronounced in ground prox-
imity. The most likely explanatian of this phenomenon is that the end plates produce
circulatian that is additive to that of the basit wing on the downstream wing panel
and subtractive on the upstream panel. Thus, when the wing is yawed "nose” left,
the left wing panel experiences a higher wing loading than the right one. A positive
rolling moment (i.e., a tendency to bank right wing down) ensues.

Out of ground effect, the end plates are of extremely low aspect ratia.
Hence, the roll moment induced by yaw is very small. At the other extreme, when
the real and image wing end plates are just shart of touching, the end plate effective
aspect ratio is somewhere between twice the O.G.E. value and infinite. This pro-
duces a large asymmetrical wing loading in yaw, resulting in a vastly increased roll
moment.

Unlike the roll moment due to bank case, the roll moment due to yow case
Is not readily amenable ta analysis from the unyawed condition. This is malnly be-
cause of the very law aspect ratio of the end plates, which must now be considered
as "wings" at angle of attack, whereas, in the banked wing case, the end plates
can be visualized essentially as an extension of the main wing extremities. This is
discussed subsequently.

CHARACTERISTICS IN ROLL

The thesis that the most powerful influence of ground effect is asiocicted
with the wing tip extremities is again in evidence in the roll characteristics ot zero
angle of attack for wing (2-.12-1.0) with flat end plates at d/c = .10, as shown
in Figures 53 and 54. At first glance, there appears to be no appreciable difference
between the =5° and -10° bank angle lift and rolling moment characteristics In
ground effect. However, the real significance Is that these characteristics can be




reasonably approximated from the zero bank angle characteristics by consideration
of the heights at the wing tip extremities,

Consider Figure 53, where CL is plotted against the testing height param=
eter, h/b. |f the wing proper were the dominant factor in the influence of ground
effects, then an average height between wing tips would tend to correlate unbanked-
wing data with banked-wing data. As the corresponding dotted curve shows, this is
not a plausible assumption, However, if the wing tip extremities piay the dominant
role in ground effect, then an average CL depending on the heights at the wing tips
mighr conceivably facilitate correlation. Such is the case for both banked-wing
cases as shown by the dashed curve. Thoughnot exact, the trend is remarkably the
same,

Having established the dominance of the wing-tip extremities in detemmining
the trend in CL for banked wing cases from the unbanked wing case, it is natural to
attempt to apply this information to the prediction of rolling moment, G (see
Figure 54). First of all, the fact thai an average CL yielded reasonable correlation
suggests that the chonge in lift distribution over the left-wing panel is equal and
opposite to that over the right wing panel. If this Is the case, then we can expect
the rolling moment to be proportional to the difference in C,+ obtained from the
unbanked~wing data at the local wing tip heights.

As can be seen in Figure 54, correlation is thus achieved at both =5° and
-10° bank angies by use of the factor of 0.1. The tendency is toward increased
prediction accuracy as the unbanked condition is approached. This Is particularly
encouraging, since a means is provided for axtending the test information and for
determining initial roll-stability derivatives.

In Figure 55, the roll moment coefficient is plotted against bank angle for
values of the minimum ground-clearance height parameter (lowest wing tip). The
curves are completed by use of the preceding empirical method. As indicated by
the curve slopes, roli stability is assured in ground proximity, particularly at shallow
bank ongles.

CHARACTERISTICS OF TANDEM WINGS

Six combinations of rectangular 11,7% thick Clark Y wings of aspect-ratio 1,
2 and 4 were tested in tandem over a ground plane. The basic model details are shown




in Figure 2. Three-inch contoured end plates ore used, and the forward wing Incor~
porates +5° flap deflection ond is mounted with zero incidence, whereas the aft wing
has no flap deflection ond is mounted at 2° incidence. This selection was based on
data observed from the single-wing image tests and was intended to optimize L/D,
stability and trim.

The results of the tests of the tondem wings are summarized in Figures 56,
57, and 58. The vertical traverse runs ore ali at the reference angle-of-attock of
zero, L/D ratio and C, are pletted vs. the minimum cleorance height parameter

h/ J—S for all test configurations and gap~chord ratios (g/c). The pitch runs are all
at c.g. height above the ground board of ho/ ,/E = .06, The c.g. locations are

determinabl~ from wing-crea weighted moments from the quarter-chord station of
each wing. Values are noted ia Figure 58. The pitch ongles were run at 1° inter-
vals covering the range from -3 to +3°, The pitch run data are plotted as L/D ve,
CL and as pitching moment coefficient (Cm) vs. CL'

One thing oppears common to all tandem=-wing configurations =- an incon-
sistent effect of gop-chord rotio. This may be due, in part, to the testing technique.
However, in the main, it is believed that this points up the complicated flow inter-
action between the wings and fuselage. This, then, suggests more detailed future
studies of the flow mechanism of tandem wings.

It is encouraging to note that for this exploratory~type program, the trends

of C; and L/0 in ground eifact as well as the C,, vs. C| curves ure smooth and show
no spurious discontinuities. [t is noted that static stability improves with CL and,
in general, is positive at CL's greoter than 0.3 for all configurations. [n oddition,

the out-of-trim moment coefficient is smoll, and this fact justifies the selection of
incidence ond comber. The presence of static stability at the weighted c.g., in

spite of the body instobility contribution onJ possible downwash effects, substontiotes
the idea that plunge effects con make a large contribution to stability of tandem wings
in ground effect.




CONCLUSIONS

1. The image technique appears to be a satisfactory method for testing
basic wings in ground effect and it has been possible to isolate the

influences of camber and end-plate changes on five basic wings.

2. It has been shown that at aspect ratios of 1, 2 and 4 the maximum
L/D in ground effect is associated with small down trailing-edge
flap deflection and zero nose droop. Aspect-ratio-1 and -2 wings
should employ end plates which have small depth, a contoured
section, and a wedge bottom. At a given ground-clearance height,
a better L/D is obtained on the aspect-ratio~4 wing with end plates
off; however, the difference in acbsolute clearance of the wing
trailing edge should be noted.

3. Maximum L/D at the ground—clearance parameter h/ ﬁ =0.04 is
approximately double the O.G.E. value of (L/D)qu for all five
basic wings tested (5% chord depth end plates and zero flap
deflection). No correlation of (I'/D)mux exists at lower values

of h/ S where the ratio is higher for the lower-aspect-ratio wings.

4. Th: 6% thickness ratio aspect-ratio-2 wing has improved L/D over
the 11.7% thickness ratio aspect-ratio-2 wing at all |ift coeffi-
cients below 0.8. The 0.6 taper ratio aspect-ratio~2 wing has

‘ slightly higher L/D than the straight wing with end plates off, and

slightly lower L/D with end plates on.
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Tests by the ( 7 = K = 0) mode show that static stability, lift curve
slope, and plunge stability imnrove as the ground is approached,

Rkt ik bt e e
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except at negative angles of attack. A method has been developed




which will allow ( 7 = K = 0) testing data to be converted tc
( 7= a) mode data.

6. Ground effect has little influence on characteristics in yaw
except for dihedral, which increases as the ground is approached.
Rolling moment due to bank angle can be closely estimated from
lift data at zero bank.

7. The ground-plane technique appears better suited for develop-
ment testing of complex configurations. The tandem investi-
gation reported herein was of an exploratory nature and better
data could be obtained by utilizing a lighter weight model,

higher dynamic pressure, and a more sensitive balance.

8. The tandem wings show large static stability at the ground height
parameter h/ ﬁ =0.06, in spite of downwash and body instubility
contributions.
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RECOMMENDATIONS

The results obtained in the subject test program have extended the state of
the art of wings operating in close proximity to the surface. However, a review of
the technology reveals that several other areas of investigation would be highly

useful, and the following are recommended:

1. Test the same simple wings over a ground plane to obtain
correlation between the image and ground-plane testing

techniques.,

2. Conduct an investigation of flap configurations and other
methods of optimizing maximum lift coefficient of a wing
in ground effect.

3. Continue and expand end-plate configurations to optimize
the 1ift/drag ratio.

4. Investigate camber, wing thickness, and thickness distribution
effects promoting high L/D, as indicated by results of the

present test program.

5. Investigate effects of the propeller slipstream on wing

characteristics.

6. Conduct flow visualization, wake surveys and pressure distri-
bution testing to aid in better understanding of the ground-

effect phenomenon.

7. Extend the investigation to include wings of conventional
aspect ratios, thickness ratios and taper ratios, utilizing the
same testing techniques.

31




8. Test in the ( 7 = K) mode for values of K other than 0° to
extend the application of the CDP concept.
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FIGURE 1. WING AND END PLATE CONFIGURATIONS, SINGLE WING.
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FIGURE 2. TANDEM WING CONFIGURATIONS.
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FIGURE 25. WING (1-.12-1,0), END PLATES, FLAP DEFLECTION .,
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FIGURE 26. WING (2-.12-1.0), END PLATES, FLAP DEFLECTION.
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